We aimed to validate the mathematical validity and accuracy of the respiratory components of the Nottingham Physiology Simulator (NPS), a computer simulation of physiological models. Subsequently, we aimed to assess the accuracy of the NPS in predicting the effects of a change in mechanical ventilation on patient arterial blood-gas tensions. 
Summary
We aimed to validate the mathematical validity and accuracy of the respiratory components of the Nottingham Physiology Simulator (NPS), a computer simulation of physiological models. Subsequently, we aimed to assess the accuracy of the NPS in predicting the effects of a change in mechanical ventilation on patient arterial blood-gas tensions. The NPS was supplied with the following measured or calculated values from patients receiving intensive therapy: pulmonary shunt and physiological deadspace fractions, oxygen consumption, respiratory quotient, cardiac output, inspired oxygen fraction, expired minute volume, haemoglobin concentration, temperature and arterial base excess. Values calculated by the NPS for arterial oxygen tension and saturation ( Mathematical, pathophysiological models have been constructed previously [1] [2] [3] [4] and have been demonstrated to be reasonably accurate and reliable. 1 The Nottingham Physiology Simulator (NPS) is a simulation of original, comprehensive cardiovascular, acid-base, respiratory, cerebrovascular and renal physiological models. The methods of modelling and of implementing the model as a computer simulation rely on intensive, repeated calculations and thus require significant computer power. The NPS, as an original simulation of original physiological models, requires validation. ) F and ventilatory minute volume (V ) in patients undergoing mechanical ventilation are performed frequently in the intensive therapy unit (ITU). The clinician's aim in performing these adjustments is attainment of optimal arterial oxygen and carbon dioxide partial pressures and plasma pH, while avoiding the deleterious effects of inaccurate ventilator programming, which include hypoxaemia, acidaemia, hypercapnia, pulmonary barotrauma [5] [6] [7] and pulmonary oxygen toxicity. 8 9 Prediction of the outcome of intervention in mechanical ventilation offers potential benefits. Computer models have been used previously to simplify such complex physiological scenarios. 10 11 We investigated the mathematical validity of the respiratory components of the model simulation and subsequently assessed the ability of the NPS to predict the patient's response to a change in ventilator settings.
Methods

THE NOTTINGHAM PHYSIOLOGY SIMULATOR
The NPS is a computer simulation of an original set of physiological models and is described in appendix 1 and figure 1.
EXPERIMENTAL METHODS (INITIAL INVESTIGATION OF MATHEMATICAL VALIDITY)
After obtaining approval from the Local Ethics Committee, we collected data from 25 patients receiving intensive therapy in the adult intensive care unit (AICU). Each patient had a pulmonary artery catheter and arterial cannula in situ. Patients had a variety of surgical and non-surgical pathologies and were not excluded on the basis of diagnosis. Thirty data sets were collected, each comprising the following values.
( After formal discussion with the Local Ethics Committee, it was felt that it was not necessary to obtain patient consent for the study as it was observational. Data were collected from 16 patients in the general intensive care unit who had been identified as requiring adjustment of mechanical ventilator settings. This patient group did not overlap with the group recruited to the preceding part of the study. Patients were not excluded on the basis of diagnosis. Those who demonstrated significant instability (i.e. mean arterial pressure could not be expected to remain within approximately <10% over the equilibration period) were excluded as this instability could cause alterations in arterial blood-gas tensions unrelated to ventilator adjustments. Patients whose haemoglobin concentration was likely to have changed significantly since it was measured were not recruited. Those in whom the positive end-expiratory pressure (PEEP) was adjusted were excluded. Thirty-one data sets were collected from 16 patients undergoing mechanical ventilation. Each data set included arterial blood-gas analysis before and 10 min after a change in the settings of the mechanical ventilator. In addition, data sets included: The simulation was aligned with each patient's values measured before intervention (appendix la), generating an estimate of QS : QT, deadspace fraction and 2 O . ! V For the purposes of alignment and in the absence of data obtained from invasive monitors, cardiac index was assumed to be 3 litre min 91 m
92
. The simulated "patient" was then subjected to the same change in ventilator settings. The resulting changes in 2 2 O C O a , a P P and arterial pH were recorded. Bias and 95% limits of agreement between predicted and measured magnitude of change were calculated as described below.
STATISTICAL METHODS
Calculation of bias in the prediction of resulting gas tensions and pH may not provide useful information as both increases and decreases in 2 O I F and V are made, potentially reducing the apparent bias. For this reason, the "signless" magnitude of change was analysed. Bias was calculated as the mean of predicted minus measured magnitude of change. The 95% limits of agreement were calculated assuming a Gaussian distribution as bias<k SD of (S-M), where S is the value predicted by the simulator and M is the measured value. The value of k is based on the t distribution with k:2.04 for the initial validation investigation (n:30) and for the size of the change in 2 O a P (n:31), and k:2.14 for the size of the changes in 2 CO a P and pH (n:14). 13 The correlation coefficient was calculated between the measured magnitude of change and the error in predicting the magnitude of change in 
Results
INITIAL INVESTIGATION OF MATHEMATICAL VALIDITY
Bias and 95% limits of agreement are given in table 1. 
Discussion
INITIAL INVESTIGATION OF MATHEMATICAL VALIDITY
The close agreement of the re-calculated oxygen tensions 2 2 O O V ( a and ) P P with oxygen tensions of the input data helps to validate several components of the respiratory model. These include the equilibrating alveolar and deadspace components, pulmonary perfusion component, oxygen carriage and transport components and the metabolic oxygen production component. The narrow limits of agreement for oxygen saturations, 2 
P
by the NPS validates the gas exchanging parts of the models, deadspace and shunt modelling, and temperature-dependent carbon dioxide solubility modelling. The agreement between measured arterial pH and that calculated by the NPS validates the NPS modelling of the HendersonHasselbalch relationship and base excess.
Inappropriate or unjustified modelling assumptions produce systematic errors, and minor problems in this area have not been excluded by this investigation. Significant programming errors usually produce marked errors with an observable pattern, and the existence of these seems unlikely in view of the results. The size of the errors observed suggests that they may be attributable to inadequate accuracy within either simulation of our respiratory models or in our calculation of values from patient data. The accuracy of the re-calculated physiological state is encouraging, providing validation of the mathematical consistency of the respiratory components of the simulation.
PREDICTING THE PATIENT'S RESPONSE TO A CHANGE IN VENTILATOR SETTINGS
The study group comprised patients from the intensive care unit. This group was chosen to provide a diverse set of data to validate the NPS. Adjustments of ventilator settings were of sufficient magnitude to allow validation of the NPS as a clinical tool.
Use of the iso-shunt concept, as described by Benatar, Hewlett and Nunn, 14 modification of the traditional shunt formula described by Hope and colleagues 15 and V and some workers have used longer periods. 17 18 Equilibration requires modification of dissolved tissue stores in addition to the gas reservoirs in blood and functional residual capacity.
A similar error was seen in the change in pH after intervention ( fig. 4) . This is likely to be caused by the error in the prediction of changes in in agreement with other workers, 17 possibly because of the shorter interval required to reach equilibrium after a change in 2 O I . F A comprehensive physiological simulation allows the introduction of a parallel "patient", with realtime manipulation of the model in the light of available patient data, constantly providing otherwise inaccessible data. The predictive power of such a parallel "patient" is limited only by the quantity and quality of data it receives and by the underlying physiological models. One cannot hope to achieve reliable estimation of cardiac output (for example) if the simulation is only "informed" of the patient's end-tidal carbon dioxide tension. The results suggest that provision of simple, relatively non-invasive data allows acceptable prediction of responses to a change in V and multiple complex processes simply. In this case, we have partially validated the respiratory model within the simulation, consisting of the lung, gas transport and tissue components. The limits of agreement and bias between measured and predicted values after intervention imply a robustness and accuracy of prediction that allows the simulation to be recommended as a clinical tool. The systematic errors seen in predicting responses to changing V imply that this may be less accurate, especially if inadequate equilibration times are allowed after intervention. No method will achieve perfect prediction as there will always be physiological aspects of patients that may not be quantified and as physiological profiles may change coincidentally and unpredictably after an intervention.
In summary, we have confirmed the validity of the respiratory components of the NPS and we support its use as a reliable clinical tool.
Appendix 1
The Nottingham Physiology Simulator is a simulation of several original, physiological models. The respiratory model uses iterative refinement of physiological data sets to produce stable physiological scenarios and is made up of three major parts: pulmonary, transport and tissue compartments (see fig. l ). The lungs are modelled as comprising equipment, anatomical and alveolar deadspaces, and ventilated, perfused alveoli. Complete mixing of gases within the alveoli is assumed, Extraction of oxygen and excretion of carbon dioxide cause changes in lung volume and thus residual gas concentrations. Blood flow through the lung is modelled as two compartments: shunted and non-shunted blood. 1-3 19 Blood flow past alveoli is "time-sliced" such that individual "packets" of blood are considered. Each packet comes to a true equilibrium with alveolar gases using an iterative process that includes the movement of gas between the alveolar and capillary compartments, generating an accurate simulation of the equilibration process.
Calculation of blood oxygen and carbon dioxide content after equilibration uses standard formulae and includes the effects of temperature, base excess and plasma pH. 12 20 21 Combination of pulmonary capillary blood with shunted mixed venous blood requires calculation of oxygen partial pressure from content. Thomas's equation is used iteratively to achieve this. 12 21 Peripheral metabolism involves simple production of carbon dioxide and extraction of the preset 2 O . V ! The resulting mixed venous gas contents depend on arterial gas content, 2 O , V ! respiratory quotient and cardiac output. Base excess, temperature and plasma carbon dioxide content define plasma pH.
Appendix 1a
The model simulation is initially aligned to "hard data", including haemoglobin concentration, pulmonary shunt fraction (QS:QT), respiratory quotient and alveolar deadspace fraction are adjusted, iteratively refining each variable, eventually producing a good fit of the simulation to the patient data. This single solution is not necessarily the correct or even the most likely solution. The simulator next calculates the probability density function of each variable given a set of predetermined confidence intervals, allocating it a probability of existing in isolation. The compound probability function is thus derived for the entire solution. The variables are then further adjusted to maximize the compound probability while maintaining a possible physiological solution for the data set. The simulator derives a viable solution to the physiological data (given the validity and internal consistency of the model) and maximizes the probability of its derived solution. However, in the absence of further data (e.g. cardiac output, end-tidal P CO 2 ,
it is not possible to make more confident predictions of the solution to each complex system.
Appendix 2
The following formulae were used in the calculation of physiological values from each data set. All pressures are measured in kPa and temperatures in ЊC. a P : arterial oxygen tension; k:temperature correction for oxygen solubility, k:l;log (temperature/37);0.00012 (temperature-37). 2 12 CARBON DIOXIDE CONTENT IN BLOOD 
HENDERSON-HASSELBALCH EQUATION
